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Abstract 
 
Tree stem diameter changes diurnally due to changes in the water content of the stem. These 
changes have been detected since the late 19th century and their connection to various 
environmental factors has been reported. The diameter is largest at night just before sunrise 
and starts to decrease as dawn breaks. The minimum is usually found in the afternoon, the 
exact time depending on e.g. light conditions. Towards night the diameter starts to increase 
again. Typical amplitude of the variation is of the order of 10-4 m on Scots pine trees (Pinus 
sylvestris L.). 
 
In this thesis measurements of xylem and whole stem (i.e. over bark) diameter variations are 
analysed on the basis of two most widely accepted theories of sap flow in trees: the cohesion-
tension theory of the ascent of sap and the Münch hypothesis of phloem flow. First, the 
connection between xylem diameter variations and transpiration is verified using a dynamic 
model of sap flow. The model is developed using transpiration measured by shoot chambers 
and further tested with transpiration scaled down from the whole ecosystem evapo-
transpiration.  
 
Secondly, the dynamics of the variations themselves are studied by comparing measurements 
of xylem and whole stem diameter variations at different heights. A cross-correlation method 
is used to determine the time lags and the results are interpreted in the light of the theories. 
Time lags between xylem and whole stem diameter variations suggest that the transport of 
sugars in the phloem could be detected using these measurements. 
 
As a conclusion of this study, xylem diameter variations can be said to follow transpiration 
and the dynamics of the ascent of sap, while sugar transport affects the pattern of stem 
diameter variations. Both measurements are direct measures of the state of a tree, although 
converting the diameter variations to the units of transpiration or sap flow requires further 
studies with modelling work. As an easy and cheap measurement based on the physical 
properties of wood and flow through porous media xylem and stem diameter variations have 
their place among tree physiological and ecological measurements.  
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1. Introduction 
 
Tree stem diameter changes due to both cambial growth and changes in water content and 
water tension. In measurements growth is observed as an irreversible increase in diameter 
while water content has a diurnal cycle. Since transpiration measurements are quite laborious 
and expensive the interest in the connection between diurnal diameter variation and 
transpiration has been wide (see e.g. Kozlowski, 1972). On the other hand water uptake of 
plants, especially tall trees, has raised enthusiasm for decades only because of the genius of 
the uptake mechanism. However, the mechanism can still be considered as unknown since 
the leading theory (cohesion-tension theory) has not been attested unambiguously by 
measurements and the debate about its validity continues (e.g. Canny, 1995; Canny, 1998; 
Comstock, 1999). Forest ecosystems cover about 40% of the land surface of the earth. They 
have a major role in the functioning of nature in these areas and their contribution to water 
and carbon cycles of the earth is of major importance. Also their interaction with the 
atmosphere has a strong contribution to the climate (Warning & Running, 1998). 
 
Tree stem diameter change measurements have first been used to detect growth (see e.g. 
Leikola, 1969), but as soon as the diurnal cycle was observed the reason for that behaviour 
started to interest scientists as well. There are dozens of studies showing some connection 
between diurnal stem diameter changes and e.g. shoot water potential, transpiration, relative 
humidity and other micrometeorogical measurements (e.g. Kozlowski & Winget, 1964; 
Klepper et al., 1971; Zaerr, 1971; Kozlowski, 1972; Lassoie, 1973; Kramer, et al., 1979; 
Hellqvist, et al., 1980; Milne et al., 1983; Wronski et al., 1985; Herzog et al., 1995; 
Offenthaler et al., 2001). Therefore, diameter changes are thought to reflect the water balance 
(or according to the cohesion-tension theory, the water tension) inside the stem. Most of the 
earlier measurements were made on the whole stem (e.g. Klepper et al., 1971; Lassoie, 1973; 
Hinckley et al., 1974) which complicated the analysis since xylem, phloem and bark may 
swell and shrink at different rates according to their different functions. There are only a few 
studies, besides this, where xylem diameter changes are directly linked with transpiration and 
measurements on the xylem and whole stem are made on the same tree. Many scientists 
conclude that stem diameter changes could be an interesting tool for measuring water 
conditions or transpiration of trees but, as far as I know, no one has gone further.  
 
In the articles contained in this study tree stem diameter change measurements are made 
separately on the xylem and on the whole stem in order to distinguish between the 
contributions of the xylem and the other parts. The connections of diameter changes with 
environmental variables and transpiration are studied using a dynamic sap flow model. Time 
differences of diameter changes at different heights are analysed and their role in studies of 
xylem and phloem flow is discussed. The aim of this study is to find out what tree stem 
diameter change measurements are good for. This is done I) by continuing the work of other 
scientists in trying to clarify the direct connection of xylem diameter changes, transpiration 
and water tension and II) by giving some insight into other aspects diameter change 
measurements can be applied to e.g. in the sense of detecting phloem flow. 
 
The following introduction provides some background on the topics discussed in papers I-V 
and a summary of the main results. A short overview on tree structure and sap flow is given 
to introduce the functioning of the xylem and phloem and the dominant theories explaining 
that. Some theoretical background is also given to describe the basis of the sap flow model 
used in papers II and III. Finally, the measurement site, the supporting instrumentation and 
the measurements of stem diameter variations are introduced and an overview of time series 
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of the measurements is given. This work is of cross-disciplinary nature and in the appendix a 
glossary of tree physiological terms is given to make reading easier. 
 
 
2. Sap flow in trees 
 
The stem of trees consists of four differently functioning parts: the bark, phloem, cambium 
and xylem (Fig. 1). As water is taken from the soil by roots it flows up in the xylem. Most of 
it is transpired or used in photosynthesis by the leaves, but some may be cycled to the 
phloem, which serves as a pathway for translocation of photosynthetic products. In between 
the xylem and phloem is the cambium, which is responsible for the secondary growth. Bark is 
the outermost covering layer. In older trees the inner part of the xylem is dry and does not 
take part in the water transport (heartwood). Basically, sap flows upwards in the xylem and 
comes down in the phloem. 
 
 
 
Figure 1. Generalised structure of a tree stem showing orientation of major tissues: outer 
bark, inner bark (i.e. phloem), cambium, sapwood (i.e. xylem) and heartwood (Kramer & 
Kozlowski, 1979). 
 
 
2.1 Xylem flow 
 
Xylem is made of dead cells specialised for transporting water. The protoplast of these cells 
has dissolved during the cell differentiation and the empty space serves as a conducting tube. 
In most gymnosperms (including Scots pine (Pinus sylvestris L.)) the whole xylem consists 
of similar cells, called tracheids. They form rather uniform radial rows and their ends overlap 
in the vertical direction. In the radial rows the area of latewood and earlywood, forming an 
annual ring, can be distinguished (see Fig. 2, 3 and 4). The major difference between 
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earlywood and latewood tracheids is the thickness of the cell wall, latewood having thicker 
walls and therefore smaller lumen. Water flow from one tracheid to another passes through 
small openings, called pits, at both ends of a cell. A pit membrane consists of a disk-shaped 
thickening, a torus, which is surrounded by a thin fibre net, the margo (Fig. 3). The length of 
a tracheid varies from 3 to 7 mm and the diameter is of the order of 10-2 mm. In addition to 
tracheids angiosperms have wider (and thus more efficient) conducting cells, called vessel 
elements, which form almost continuous tubes (vessels) from the roots to the shoots (Pickard, 
1981, Kramer & Kozlowski, 1979).  
 
 
 
Figure 2. An electron microscope picture of a stem cross-section of a Scots pine tree. Two 
bands of latewood are shown on the left and right sides. In between is the area of earlywood 
with larger cell lumen. A band of early- and late wood forms an annual ring. The white bar on 
bottom shows the scale of 100 µm. Photo courtesy of Pekka Saranpää, Finnish Forest 
Research Institute. 
 
 
Figure 3. A Schematic illustration of A) a tracheid, B) a pit and C) torus and margo. The 
torus is the dark centre in fig C and margo is the surrounding net. Figures A and C and 
viewed from front and figure B from the side. The length of a tracheid is of order 100 µm and 
a pit membrane is some micrometers long. 
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According to the cohesion-tension theory, sap in the xylem flows along a pressure gradient 
caused by transpiration. The theory suggests that transpiration develops large tension at the 
top of the tree and the tension pulls up the water. This requires the cohesive properties of 
water to be strong enough to support tensions up to several MPa. E.g. in a 100 m tall tree the 
tension at the treetop even without transpiration would be -1 MPa (the hydrostatic pressure 
caused by a 10 m water column equals c. 1 atm; see e.g. Zimmermann, 1983 or Taiz & 
Zeiger, 1998). Columns of purified water have been tested to support tensions as high as 30 
MPa in a smooth glass tube (Nobel, 1991). However, solutes and tracheid walls affect the 
cohesive strength of sap. Attempts to measure the tensile strength of xylem sap has been 
made using e.g. centrifuges (e.g. Holbrook et al., 1995; Pockman et al., 1995; Alder et al., 
1997) but it is not clearly known how large tensions sap in the xylem can sustain. If the water 
column breaks and a tracheid is filled with gas, the pressure difference between that and the 
adjacent cells causes the tori to close the pits and the water flows past this tracheid (Fig. 4). 
Most of the experimental work supports the cohesion-tension theory. The greatest questions 
remaining are related to the breaking mechanisms of the water column and the possible 
refilling of gas filled cells (e.g. Pickard, 1981). 
 
 
Figure 4. A schematic illustration of sap flow in xylem and past a gas filled tracheid (in the 
middle). 
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2.2 Phloem flow 
 
In contrast to the xylem, the phloem consists of living cells, called sieve elements (see Fig. 
5). An element has two components, a sieve tube and a companion cell. Sieve tubes are 
specialised for transporting sap and lack some essential elements of a living cell. So, the 
companion cells provide the system with these organelles and their products. In 
gymnosperms real companion cells do not exist, but so called albuminous cells serve as such. 
Overlapping sieve tubes form continuous pathways, where the cells are connected to each 
other in the vertical direction by sieve plates and in the radial or tangential directions by sieve 
areas. Both sieve plates and areas are parts of the cell wall were there are connections to the 
adjoining cell. Sieve plates have more open and structured pores than sieve areas. In 
gymnosperms the sieve plates are similar to sieve areas and the pores appear somewhat 
blocked with membranes. This, as well as the absence of vessels, is thought to reflect the 
backwardness of gymnosperms compared to angiosperms in the terms of evolution (Taiz & 
Zeiger, 1998).  
 
The theory covering the flow in the phloem (Münch 1930 see e.g. Taiz & Zeiger, 1998) is 
based on the fact that photosynthetic products (carbohydrates) must be transported from the 
sources to the places where they are needed for growth or storage. The bulk flow is believed 
to run down a pressure gradient caused by higher turgor pressure in the sieve elements of 
sources than in the sieve elements of sinks. The pressure gradient is produced by active 
(energy demanding) loading and unloading of sugar from source cells to sieve elements and 
from sieve elements to sink cells, respectively (Fig. 5). The loading of sugars increases the 
solute concentration in the sieve elements which results in water flow from the xylem to the 
phloem due to osmotic forces. On the other hand, unloading of sugars decreases the solute 
concentration and water flows back to the xylem near the sinks. The loading and unloading 
can be either symplastic (the cells are connected by plasmodesmata) or apoplastic (the cells 
are not connected and the flow is compelled to take an apoplastic path somewhere along the 
pathway) depending on e.g. the plant family and transport sugar (Taiz & Zeiger, 1998). 
According to the theory the flow is in the direction of the pressure gradient, which means that 
the strongest sink is favoured. The flow does not need to be from the top to the base and in 
some cases it has been observed to have the opposite direction in some parts of a plant. The 
direction is dependent on the season (Kramer & Kozlowski, 1979). 
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Figure 5. A Schematic illustration of the pressure flow model of sugar transport in the 
phloem. The names of the cells of gymnosperms are in brackets. Near sources active loading 
of sugars to sieve cells increases the solute concentration and water flows from the xylem to 
the phloem due to osmotic forces. This deepens the downward pressure gradient in the 
phloem and causes sap to flow. Near sinks sugar is actively unloaded and water flows back to 
the xylem due to decreased solute concentration. Sap flow in both xylem and phloem is 
illustrated by open arrows and sugar flow and flow between xylem and phloem by solid 
arrows. The figure is not in scale. 
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3. Theoretical background 
 
 
3.1 Water potential 
 
The ability of a system to do work is described by the amount of free energy of the system. 
There are as many different forms of free energy in a thermodynamic system as there are 
combinations of possible constraints. Every chemical component of a system has a quantity 
called chemical potential, which is the change of free energy resulting from a change of the 
amount of particles of species j in a system (and keeping all the other variables constant) 
(Reichl, 1980). In the presence of external forces the chemical potential of species j can be 
written as 
 
  ghmFEzPVaRT jjjjjj ++++= )ln(*µµ   (1) 
 
where  is the chemical potential of a chosen reference level,  describes the 
activity of species j, ,
*
jµ )ln( jaRT
PjV ,  and m  represent the effects of pressure (FEz j ghj jV  is the 
partial molar volume and P the pressure), electrical forces (  is the charge number of 
species j, F is the Faraday’s constant and E the electrical potential) and gravitation on 
chemical potential (Nobel, 1991). The pressure P is measured as a deviation from the ambient 
pressure, and equals 0 MPa when the pressure is atmospheric (this is a convention in plant 
physiological literature). The work involved in moving one mole of water from a pool of pure 
water at constant pressure and temperature to some other point in the system can thus be 
expressed by the difference between the chemical potentials of these two points. When 
talking about water the electrical forces are zero since water molecules do not have any net 
charge. The activity term  can be related to the osmotic pressure ∏  by 
jz
)ln( jaRT
 
  ∏−= ww VaRT )ln(      (2) 
 
where the subscript w refers to water (Nobel, 1991). With the aid of the preceding equations 
we can define the water potential Ψ as 
 
  ghP
V ww
ww ρµµ +Π−=−=
*
Ψ    (3) 
 
Thus, water potential is just a measure of work done in moving water from one place to 
another in units of pressure (note that the unit of pressure equals energy per volume). At an 
equilibrium state (Ψ=0) where osmotic forces are not present, the pressure ghP wρ−=  (eq. 
3). This is the situation e.g. in the xylem when there is no transpiration.  
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3.2 Water flow in trees 
 
Flow rate in the xylem is of the order of 1 cm/h (e.g. Kramer & Kozlowski, 1979). Since, the 
tracheid diameter is some dozen micrometers the flow can be considered as laminar 
(Re<0.01). A clear and detailed analysis of the entire flow could be done using Navier-Stokes 
equations but the xylem structure makes the flow pattern too complicated to solve. 
Traditionally, water movement is treated as bulk flow driven by differences in water 
potential. According to this approach volume flux density of water 
r
 [mwJ
3s-1m-2] is 
proportional to the gradient of the water potential 
 
  Ψ∇⋅−= ww LJ
rr
      (4) 
 
and the coefficient of proportionality wL
r
 is the three dimensional water conductivity 
coefficient tensor. Concerning xylem flow the water conductivity to the horizontal direction 
is much lower than to the vertical direction and equation (4) can be treated as one-
dimensional (as done in the model described in papers II and III). Equation (4) is one form 
of the Darcy’s law for flow through porous media where wL
r
 is proportional to the wood 
specific permeability and inversely proportional to the viscosity of water (Siau, 1984). The 
potential of water in vapour phase is related to the relative humidity through the activity term 
of the chemical potential ( ))ln( 100%RHjaRT ln(V
RT
w
= ). The effect of gravitation to the water 
potential of water vapour is of minor importance (Nobel, 1991) compared to the activity term. 
Thus the water potential of water vapour is negative unless the relative humidity is 100% (in 
that case it is zero) and transpiration can also be considered as caused by the gradient of 
water potential. 
 
 
3.3 Swelling and shrinking of plant cells 
 
Except for growth, the volume change of plant cells is due to changes in the water content. In 
living cells with positive hydrostatic pressure these changes are caused by osmotic forces. On 
the other hand, the xylem cells shrink and swell with the changing water tension. The volume 
change  is related to the change in the pressure V∆ P∆  inside the cell (turgor pressure) by 
Hooke’s law 
 
  
V
VP ∆= ε∆       (5) 
 
where ε  is the volumetric elastic modulus and describes the rigidity of the cell wall. In the 
case of diameter changes the volumetric change is due to changes in the radial dimension of 
the cells and Hooke’s law can be applied if V is replaced by the diameter and ε  is taken as 
the elastic modulus of wood in the radial direction. In general ε  is a function of P (Taiz & 
Zeiger, 1998). However, if the changes are small and cell walls rigid Hooke’s law can be 
applied and the elastic modulus can be considered as constant (as is done in the model 
described in papers II and III). 
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3.4 Dynamics of diameter changes 
 
According to the cohesion-tension theory, water in the xylem is under tension. Adhesive and 
cohesive forces between water molecules and cell walls cause the tracheids to respond to 
changes in the tension as described above by Hooke's law. So, the changes in the diameter of 
the xylem should follow the variations in the tension (i.e. changes in the balance between 
transpiration and soil water content) almost in phase (paper IV). In the absence of additional 
water reservoirs in the stem, only the elastic properties of the wood make the xylem diameter 
variations lag behind the changes in the tension. 
 
Taking the phloem into account makes the timing of diameter variations more complicated. 
Let us first assume a reference state where neither loading nor unloading appears. In that case 
the whole stem diameter (including the phloem) varies in phase with the xylem. The flow of 
water from the xylem to the phloem near the sources of sugars (suggested by the Münch 
hypothesis) makes the xylem to shrink more rapidly and the phloem more slowly than in the 
reference case. On the other hand, close to the sinks water flows from the phloem to the 
xylem, which makes the phloem to shrink more rapidly and can even cause xylem diameter 
changes to lag behind the phloem (Fig. 6). Additional water reservoirs in the stem or the 
embolization of tracheids may also affect the timing of diameter changes locally. 
Figure 6. A schematic illustration of the effects of loading and unloading of sugars on the 
timing of diameter variation between xylem and phloem. The blue arrows denote water flow, 
the green arrows sugar transport and green circles sugar concentration. The axis on the left 
represents time lags (arbitrary units) between xylem and phloem diameter variation at various 
situations. Negative time lag indicates that the phloem lags behind the xylem and positive the 
opposite. In the absence of loading and unloading (I), xylem and phloem diameter changes in 
phase due to transpiration. Loading of sugars decreases the water potential in the phloem near 
the sources and water starts to flow from the xylem to the phloem (II). This results in an 
increase of phloem diameter and decrease of xylem diameter. Thus, the transpiration-induced 
shrinkage slows down in the phloem and accelerates in the xylem. Therefore, the phloem 
diameter change lags behind the xylem diameter change. Unloading of sugars near the sinks 
(III) increases water potential in the phloem and water flows back to the xylem. The xylem 
diameter increases and the phloem diameter decreases, which now makes the xylem diameter 
lag behind the phloem. 
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4. Measurements and Methods 
 
The water balance of a tree depends on the transpiration rate and the amount of water 
available in the soil and these both are connected with the environmental variables. When 
analysing the stem diameter change measurements it is important to know all the affecting 
quantities. At SMEAR II station (Station for Measuring Forest Ecosystem-Atmosphere 
Relations, University of Helsinki) in Hyytiälä, Southern Finland, the automatically running 
micro-meteorological measurements provide the supporting information for the analysis. For 
an extensive description of the measurements at the station see Vesala et al. (1998). Here, I 
give only a rough overview of measurements used in this study. In this thesis I have mostly 
analysed measurement data. However, in papers II and III a dynamic sap flow model, 
developed by Martti Perämäki and further improved together, was used as a tool in analysing 
xylem diameter variation data. The model calculates xylem diameter variations from 
measured transpiration and soil water content data and gives insight in the processes related 
to the ascent of sap. 
 
 
4.1 Measurement site and supporting measurements 
 
All the measurements were carried out at the Helsinki University SMEAR II field 
measurement station (61°51’N, 24°17’E, 181 m asl). The station is located in a quite 
homogenous 39-year-old (in 2001) natural managed Scots pine (Pinus sylvestris L.) 
dominated stand. The height of the dominant trees is about 13 m and the mean diameter at 
breast height (1.3 m) is 13 cm. The total (all-sided) leaf area index varies from 7 to 9, the 
maximum being in late August. The stem biomass is 41 t/ha and the needle biomass 5.1 t/ha 
(Ilvesniemi & Liu, 2001).  
 
At the station transpiration is measured using two different methods. Shoot level transpiration 
is measured using trap-type shoot chambers. A shoot is enclosed in the chamber and the 
measurements are based on the evaluation of water vapour concentration change inside the 
chamber when it is closed. A more detailed description of the measurements is given in 
paper II. The other method, called eddy-covariance method, is based on the theory of 
turbulent transport in the atmosphere and it measures the ecosystem evapo-transpiration. All 
the three components of wind velocity are measured above canopy simultaneously with gas 
concentration using an ultrasonic anemometer and a high-response gas analyser. The water 
vapour flux is calculated as a co-variance between the vertical wind speed and water vapour 
concentration. This measurement set-up is described in paper III. To estimate the tree level 
transpiration rate (to link transpiration with stem flow) either the shoot measurements have to 
be upscaled or eddy-covariance measurements downscaled. Both scalings have inaccuracies: 
e.g. in upscaling the inhomogeneous light conditions and the size differences of stoma of 
different shoots affect the total transpiration and the measurements of one or a few shoots are 
not representative for all the branches. On the other hand, eddy-covariance sums up all the 
evaporation and transpiration coming from the forest. So, e.g. the amount of evaporation and 
transpiration from the understory vegetation has to be estimated and subtracted and the 
different contribution of different tree species should be taken into account. An estimate for 
the former was calculated from chamber and radiation measurements in paper III. This is a 
good example of the difficulty in catching the transpiration of a tree. However, the two 
methods support each other and give similar results (compare papers II and III). The trap-
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type shoot chambers are also used in measurements of shoot level photosynthesis rate. In this 
case the change in the CO2 concentration is detected when the chamber is closed. These 
measurements were used in paper V. 
  
A third way to estimate transpiration is to measure sapflow inside a tree. Most of the methods 
(e.g. Dynamax and Granier) used in sapflow measurements rely on the heat transport of 
sapflow by convection. These are based either on the velocity of a heat pulse, temperature 
profile or heat balance of a constantly heated wood segment (Perämäki et al., 2001). This 
approach has advantages compared to direct gas concentration measurements. E.g. the 
measurement does not affect leaf functioning and the estimates for whole tree transpiration 
are more accurate (no scaling), but the possible inhomogenity of heat conduction in wood, the 
difficulty in determining the actual sap temperature and the disturbance of the flow in some 
cases diminishes the accuracy of the measurements and limits the applicability of these 
methods to relatively small trees. In paper IV we used the heat balance method (Dynamax 
Flow32TM Stem-Flow Gauge system, Dynamax, Houston, TX, USA) to measure sapflow in 
two branches of the measurement tree and compared that with the diameter change 
measurements. 
 
For the model used in papers II and III the volumetric soil water content was monitored 
using the Time-Domain Reflectometry (TDR) method (Tektronix TDR 1502, Tektronix Inc., 
Beaverton, OR, USA). Soil water tension describes the availability of water for trees and it 
can be calculated from the water content measurements using separately determined soil 
water retention curves. In papers II and III TDR measurements at different depths on several 
sites in the forest surrounding the station were used to determine the soil water tension at 
different soil layers. The fine root distribution was defined from 20 evenly distributed soil 
samples and the actual water tension affecting the water uptake of a tree was estimated. The 
model required also the dimensions of the modelled tree to be measured. 
 
The other environmental variables measured include the photosynthetic photon flux density 
(PPFD; referred also to as PAR) on each shoot chamber and at the top of a tower (above the 
canopy) close to the measurement trees using quantum sensors (LI-190SA, Li-Cor Inc., 
Lincoln, Nebraska, USA). Also the rainfall, air temperature and relative humidity were 
detected at the measurement site using a raindetector (DRD-11 Vaisala, Helsinki, Finland), a 
resistance thermometer (type Pt-100) and a chilled mirror sensor (M4 Dew point monitor, 
General Eastern, Woburn, Massachusetts, USA), respectively. 
 
 
4.2 Diameter change measurements 
 
Equipment, called dendrographs or dendrometers, used for measuring tree stem diameter 
changes can be divided into three categories (Neher, 1993). In the first are those used in most 
of the earliest studies (e.g. MacDougal, 1924, Hinckley and Bruckerhoff, 1975) that measure 
the circumference of a tree (band dendrometers). They consist of a kind of band, which is 
mounted around the stem and either changes in the actual circumference or changes in the 
strain of the band (a strain gauge transducer) are detected. These equipment are suitable for 
growth measurements and measurements of variations in the diameter of the whole stem. 
However, observing only xylem diameter changes causes problems since the stem has to be 
gridled and this may result in embolism of the xylem or death of the tree (the phloem is taken 
away all around and the pathway for sugars is broken). In the second class of equipment are 
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those that measure changes along a radius of a tree (point dendrometers). These are made of 
an electronic displacement transducers (e.g. linear variable differential transformers LVDTs) 
attached to a framework which is screwed deep to the xylem at both ends, usually above and 
below the measurement point (e.g. Milne et al., 1983, Impens & Schalck, 1965). Now only a 
piece of phloem just under the sensor has to be removed in order to measure xylem diameter 
changes. Also the resolution of the measurements is improved by using an electronic 
transducer. The third class equipment resemble the second class ones but now the frame is 
mounted around the stem and the reference point for the sensor is at the opposite side of the 
stem so that the system measures changes in the diameter of a tree. This kind of setup was 
used by e.g. Neher (1993) and Irvine and Grace (1997). 
 
In this study we used a system of the third category. The electronic displacement transducers 
(LVDTs; either Sylvac SA, Crisser, Switzerland or Solartron Inc., model AX/5.0/S West 
Sussex, U.K.) were attached to rigid steel frames (see e.g. fig. 3 in paper II) and for xylem 
measurements bark, phloem and cambium were removed on opposite sides of the tree. The 
openings were covered with small aluminium plates. The frame was set to rest on the 
aluminium plate at one side of the tree. On the other, the sensor touched the plate. For whole 
stem measurements the aluminium plates were attached on smoothed bark. In paper I tiny 
screws attached to the xylem were also used instead of the aluminium plates.  
 
 
5. Results 
 
The main finding of this study is the applicability of combined xylem and stem diameter 
change measurements in detecting mass transport in the phloem and between the xylem and 
phloem. However, the results of the modelling work conform the connection between 
transpiration, evapo-transpiration and diurnal xylem diameter changes lay a basis for this 
finding. In this chapter I first show typical results of the measurements and then concentrate 
on the determination and interpretation of the timing of diameter variations.  
 
 
5.1 Diameter variation 
 
Diameter change measurements were performed during the summer months usually 
beginning in May and ending in the end of September. They showed a clear daily pattern the 
amplitude being highest on warm sunny days (Fig. 7). Xylem diameter changes contributed 
with about one-third to the total stem diameter change (paper IV) and followed the 
transpiration pattern thoroughly (papers II and III). The pattern of stem diameter changes 
was similar to that of xylem diameter changes but the sharp peaks, due to changes in 
transpiration, were smoothed a little. Growth was also seen only in the stem measurements. 
Neither xylem nor stem diameter variation data had a spectral component with a frequency of 
lunar origin although this was suggested in a recent paper by Zürcher et al. (1998). This 
means that the daily variation of dark and light and physiological processes related to that are 
the main cause of the variations (paper I). All this is in good agreement with former studies 
(see e.g. Kramer and Kozlowski, 1979). 
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Figure 7. A typical pattern of two environmental variables (a) photosynthetically active 
photon flux density and b) temperature) compared with simultaneously measured c) xylem 
and d) whole stem diameter variations. The measurements were carried out in July 2000. The 
colours in figures c and d indicate different measurement heights. Blue is 2, red 7, green 10 
and black 12 m in both cases. The values of diameter changes were adjusted to begin at zero 
in the beginning of the period. 
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 5.2 Time lags studies 
 
For time lag studies four or three pairs of sensors were attached to different heights on a 
single tree, so that the sensor measuring whole stem diameter variations was 15-20 cm above 
the sensor measuring xylem diameter changes. Both sensors in each pair were in the same 
internode. The data was collected with a frequency of 1/5 min (paper IV) or 1/min (paper 
V). The time lags were determined using cross-correlation method: one data series was 
moved in time with respect to another as long as best correlation was found. Time lag studies 
have formerly been made between stem diameter changes at different heights (e.g. Dobbs and 
Scott, 1971), diameter variations and leaf and stem water potential (e.g. Hinckley and 
Bruckerhoff, 1975 and Klepper et al., 1971, Milne et al., 1983.) and diameter variations and 
transpiration (e.g. Hellkvist et al., 1980). These studies have shown changes in stem diameter 
to lag several hours behind the changes in transpiration and leaf or stem water potential. 
Common to all these studies is that most of the diameter change measurements were 
performed on bark and the data collection frequency was only some times in an hour at most. 
Only Hellkvist et al. (1980) compared xylem and stem diameter variations and found no time 
lag between transpiration and xylem diameter variations. In that work stem diameter 
variations were found similar to those reported by others. On the other hand, Milne et al. 
(1983) were the only to use cross-correlation method for determining the time lags.  
 
The lags we observed varied from a couple of hours to no lag at all depending on the 
measurement height and whether the xylem and stem variations were compared to themselves 
at different heights or to each other. The lags were longest between xylem and stem diameter 
variations at the top of the tree and shortest between xylem diameter changes close to each 
other and stem diameter changes in the middle of the stem (Fig. 8). Time lags were also 
found to change in time depending on the stage of growth (Fig. 9). The lags observed were 
significantly shorter than those reported earlier, although the before unobserved lags between 
xylem diameter variations (probably due to low data collection frequency) were now seen. 
Time lags between xylem diameter variations were consistent with predictions based on the 
cohesion-tension theory and supported the results calculated by the sap flow model. The lags 
between stem diameter variations and xylem and stem diameter variations could not be 
explained by the ascent of sap only and as a solution the Münch hypothesis of phloem flow 
was taken into account. This explained most of the observations and time lags were found to 
have a link to sugar transport (papers IV and V). 
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Figure 8. Time differences of xylem and whole stem measurements for daily data. The data 
was collected from 20th June to 12th July 2000. The measurement heights are illustrated 
schematically on the tree on the left (same as in fig. 7). The figure is not to scale. The time 
differences (the upper value below each arrow) and the corresponding standard errors (the 
lower value) were calculated for each sensor pair indicated by the arrows. The first group of 
six arrows from the left refer to xylem diameter measurements (labelled with X on the tree) 
and the following group of six arrows to the whole stem diameter measurements (labelled 
with S on the tree). The third group of four arrows refer to the comparison of xylem and 
whole stem diameter measurements at each height. The time differences are averages of daily 
values over the measurement period and a positive value means that the lower measurement 
lags behind the upper one. In the case of the xylem vs. stem measurements, a negative time 
difference means that the stem measurement is behind (paper IV).  
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Figure 9. Ten days running average of the daily time lags and the growth of the stem a) and 
b) at the top (11.60 m in 2001 and 11.50 m in 2002) and c) and d) at the base (2.5 m in 2001 
and 1.5 m in 2002) of the measurement trees. The time lags are negative when the whole 
stem lags behind the xylem and positive when the xylem is behind. The stem diameter is 
taken to be zero in the beginning of the measurement period. The arrows indicate the 
beginnings and endings of different growth periods. Solid arrows point the time of 2001 and 
dotted the times of 2002. The starting and ending of shoot growth is marked according to the 
measurements of Finnish Forest Research Institute (FFRI 2002) (paper V). 
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6. Review of papers 
 
This thesis consists of five papers that can be divided into two categories in two ways. 
Papers I, IV and V can be considered as works of measurements and data analysis, whereas 
papers II and III deal mostly with model development and testing. On the other hand, on the 
basis of increasing knowledge, papers I, II and III are development of existing ideas and 
conformation of former knowledge, and papers IV and V come up with new observations 
and suggest possible new applications of the measurements.  
 
Paper I is a study of xylem and stem diameter change measurements, where the reasons for 
the observed variation are valued using spectral analysis (in that case FFT). Both xylem and 
stem diameter variations are shown to vary only with the frequency 1/day and no other 
significant frequencies, e.g. due to the changing position of the Moon, were observed. Thus, 
tree stem diameter is concluded to vary along with the daily variation of darkness and light. 
The paper is a reply to a paper published in Nature, where the authors suggest that tree stem 
diameter variations follow tides (Nature 329:665-666, 1998). 
 
Paper II describes a model developed to calculate xylem diameter variations from measured 
transpiration and soil water content. The model is based on the cohesion-tension theory of the 
ascent of sap. It uses a quasi-stationary approach describing the tree as a structure consisting 
of cylindrical pieces of porous material. The flow of water results from a pressure gradient 
between adjacent sections and the diameter variation is caused by changes in pressure 
according to Hooke's law. Basically, the model converts changes in transpiration and soil 
water content to xylem diameter variations. The model needs three parameters to be 
estimated: the radial elasticity and the specific conductivity of the tree and the root 
conductivity. The parameters affect most the amplitude of the xylem diameter variation and 
they were estimated using diameter variation data of one representative day. The parameters 
fitted well in the range reported in literature and the model was able to reproduce observed 
xylem diameter variations patterns at various heights for several days and different conditions 
with high accuracy. Furthermore, the xylem diameter variations seemed to be almost entirely 
explained by changes in the water balance of the tree described as in the model. In this paper 
the transpiration of the whole tree was scaled up from shoot measurements. 
 
Paper III is a test of the model using transpiration scaled down from whole ecosystem 
evapo-transpiration measured by eddy-covariance method. Down scaling required some 
estimate for the evapo-transpiration of the understory vegetation to be done and it revealed 
that understory contributed up to 30% to the evapo-transpiration. The model overestimated 
the diameter changes at the times of high evaporation e.g. during and just after rainfall, but 
the overall pattern of the variations was quite well predicted. 
 
In paper IV a novel measurement set up is introduced and the dynamics of the diameter 
variations are studied evaluating time lags between the xylem and stem variations at different 
heights on one tree. The observations are explained using both a traditional water storage 
hypothesis and taking into account the dynamics of phloem flow. The latter alternative shows 
more promise in explaining the behaviour, and time lags of xylem and whole stem diameter 
variations are suggested to reflect the Münch hypothesis of phloem flow. 
 
Paper V reports similar measurements to paper IV continued over two summers on two 
different trees using an enhanced sampling frequency to reveal shorter lags (if they exist). 
The patterns of the time lags between xylem and whole stem measurements during the 
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growing season are compared to changes in the growth of the trees and environmental 
conditions. The results are explained on the basis of the Münch hypothesis. Both the temporal 
patterns during the season and the effect of high photosynthetic activity of the tree on the 
time lags support the idea that phloem flow, and may be allocation, could be observed 
continuously in field conditions using stem and xylem diameter variation measurements. 
 
 
7. Conclusions 
 
The aim of this study was first, to continue the work of other scientists in trying to find out 
what causes tree stem diameter to vary diurnally (papers I, II and III) and secondly to try to 
develop the measurements further (papers IV and V). As a result tree stem diameter 
variations were found to consist of the changes of two distinct but interacting components: 
the xylem and the phloem. Xylem diameter variations were confirmed to result from changes 
in the water tension of the stem and they were found to reflect changes in transpiration. 
Phloem diameter variations were found to be the major part of stem diameter variations (on 
average 2/3) and a connection between them and sugar transport was observed. The new 
ideas about connecting stem diameter changes and phloem flow have so far been tested only 
on a couple of trees of one species and the complicated interactions between different parts of 
the ecosystem and environment makes the analysis rather challenging. However, the 
observations were promising and the ideas are worth testing.  
 
As an answer to the question: "What tree stem diameter variation measurements are good 
for?" I want to point out a couple of remarks:  
 
I) Xylem diameter variations are a direct reflection of the water status of a tree. To serve 
as sap flow or transpiration measurements some additional information of e.g. the 
elasticity and water conductivity of the stem has to be known. Therefore, developing a 
generic formula, applicable to various species, which converts xylem diameter 
variations to sap flow or transpiration, might be difficult. But as an easy and cheap 
measurement of the functioning of a tree they have their value even with out that.  
 
II) Stem diameter change measurements are not a direct reflection of the ascent of sap. 
Phloem, as a pathway for sugar transport, seems to have an effect on the diameter 
variations. As a potential tool for observing phloem flow and, further, phloem-xylem 
interactions, simultaneous measurements of xylem and stem diameter variations are 
worth to be continued.  
 
All in all, this study showed that xylem and stem diameter varies diurnally due to changes in 
sap-flow-related phenomena in the stem. With a new measurement set up a new interesting 
application of an old-established measurement could be found. Although stem diameter 
variations have been studied for decades, their whole potential in ecological and tree 
physiological measurements has not yet been revealed. 
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 Appendix  
 
 
 
Angiosperm  A plant having its seeds enclosed in an ovary; a flowering plant. 
 
Apoplast The compartment of a plant external to the plasma membrane; includes 
e.g. the xylem (tracheids and vessels), cell walls and air spaces 
between cells.  
  
Cambium A layer of delicate meristematic tissue between the phloem and xylem, 
which produces new phloem on the outside and new xylem on the 
inside in stems, roots, etc. It produces all the secondary growth in 
plants. 
 
Cytoplasm The protoplasm of a cell exclusive of the nucleus. 
 
Cytosol The part of the cytoplasm that remains when organelles and internal 
membrane systems are removed. 
 
Embolism The occlusion of a conduit by a gas bubble 
 
Gymnosperm A plant having its seeds exposed or naked, not enclosed in an ovary; 
conifer. 
 
Lumen The cavity which the cell walls enclose 
 
Meristem Embryonic tissue; undifferentiated, growing, actively dividing cells. 
 
Phloem The part of a vascular bundle consisting of sieve tubes, companion 
cells, parenchyma and fibers and forming the food-conducting tissue of 
a plant. 
 
Plasmodesma (pl. plasmodesmata) A tubular extension of the plasma membrane that 
transverse the cell wall and connect the cytoplasms of adjacent cells. 
   
Protoplasm The living matter of all the vegetable and animal cells. 
 
Protoplast The protoplasm within a cell considered as a fundamental entity. 
 
Symplast The intracellular compartment of plants, consisting of the cytosol of a 
large number of cells connected by plasmodesmata. 
 
Tracheid An elongated, tapering xylem cell having lignified, pitted, intact walls 
adapted for conduction and support. 
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Turgor The normal distension of rigidity of plant cells, resulting from the 
pressure exerted from within against the cell walls by the cell contents 
(positive pressure); the state of being swollen or distended. 
 
Vessel Water-conducting system in the xylem, consisting of a column of cells 
(vessel elements) whose end-walls have been perforated or totally 
degraded, resulting in an uninterrupted tube. 
 
Xylem A part of a vascular bundle consisting of tracheids, vessels, 
parenchyma cells and fibres, and forming the woody tissue of a plant. 
 
 
